Macalpinomyces was established in 1977, with the type species M. eriachnes described from a specimen collected in northern Australia on the grass Eriachne sp. in 1855. Subsequently, M. eriachnes has been reported on more than 21 species of Eriachne in northern Australia. In this study, a polyphasic approach was employed to determine whether M. eriachnes masked cryptic diversity. On the basis of morphology, multilocus phylogeny, and coalescent methods of generalized mixed Yule-coalescent (GMYC) and Poisson tree processes (PTP) models, 26 specimens of Macalpinomyces on 13 species of Eriachne held in Australian herbaria were studied. Consequently, 10 new species of Macalpinomyces that satisfied the phylogenetic species recognition criteria are described.
Introduction
There are about 317 species of smut fungi in Australia , including Macalpinomyces eriachnes, Tilletia geeringii, T. mactaggartii, and T. marjaniae, on Eriachne spp. (Li et al. 2014) . The original collection of M. eriachnes was made from northern Australia in 1855 by Baron Ferdinand von Mueller. Two duplicate specimens were sent to European mycologists, Mordecai Cooke in England and Felix von Thümen in Germany (Langdon and Fullerton) . Consequently, two new species were described in different genera based on this single collection, Sorosporium eriachnes (as 'eriachnis') Thümen (1878) and Ustilago australis Cooke (1879) . A monotypic genus, Macalpinomyces, was established by Langdon and Fullerton (1977) to accommodate the type specimen of Sorosporium eriachnes. It was characterized by sori without columellae, comparatively large, thick-walled, pale-colored sterile cells, and polyangular spores. The type of spore germination showed that Macalpinomyces belonged to the Ustilaginaceae (Langdon and Fullerton 1977) . Subsequently, Vánky (1996 Vánky ( , 1997 broadened the original concept of Macalpinomyces to include species with sori in the culms or spikelets, and also ovaricolous species with small sterile cells between the spores. This led to the transfer of several species from Ustilago and Sporisorium to Macalpinomyces, as well as the expansion of its host range to include genera of grasses other than Eriachne. Vánky (2011) listed 46 species of Macalpinomyces on more than 38 genera of grasses.
The application of molecular phylogenetic analyses showed that Macalpinomyces had become polyphyletic within the Ustilaginaceae (Stoll et al. 2005; McTaggart et al. 2012a ). More recently, some species of Macalpinomyces have been transferred to other genera, including Stollia (McTaggart et al. 2012b) and Mycosarcoma (McTaggart et al. 2016) .
Macalpinomyces eriachnes has been reported from 21 different species of Eriachne, namely, E. agrostidea, E. aristidae, E. armittii, E. avenacea, E. capillaris, E. basedowii, E. ciliata, E. festucacea, E. glauca, E. glabrata, E. helmsii, E. melicacea, E. mucronata, E. obtusa, E. pallescens, E. pauciflora, E. pulchella, E. rara, E. scleranthoides, E. sulcata, and E. triseta (Vánky and Shivas) . Significant molecular distances were found between specimens of M. eriachnes on different Eriachne spp. (Stoll et al. 2005) , which indicated that M. eriachnes might comprise a number of cryptic species. The main objectives of this study were to determine whether M. eriachnes was a complex of cryptic species on multiple hosts, as well as to delimit the species boundaries in Macalpinomyces.
Materials and methods

Specimen examination
Specimens held in herbarium BRIP (Department of Agriculture and Fisheries, Dutton Park, Queensland) were examined under a light microscope (TABLE 1) . Spores were mounted in lactic acid (100% v/v) for examination. Spore measurements were expressed as ranges: (min-)mean − standard deviation-mean + standard deviation(-max) (n ≥ 20). Images were captured by a Leica DFC 500 camera attached to a Leica DM5500B compound microscope with Nomarski differential interference contrast (Wetzlar, Germany). Helicon Focus 4.46.1 (Helicon Soft Ltd., Kharkiv, Ukraine) was used to combine images in order to increase depth of field. For scanning electron microscopy (SEM), dried spores were dusted onto double-sided adhesive tape, fixed on specimen stubs, sputter-coated with gold, ca. 20 nm thick, and examined with a FEI Quanta 200 electron microscope (Hillsboro, Oregon, USA). Nomenclatural novelties and descriptions were registered in FungalName (http://fungalinfo.im.ac.cn/fungalname/fungalname.html).
DNA extraction, PCR amplification, and sequencing
Mature sori were carefully removed from herbarium specimens with a fine needle and deposited in cell lysis solution. Gentra Puregene kits (Qiagen, Valencia, California) were used to extract the total genomic DNA according to the manufacturer's protocol.
For fungi, fragments of nuclear rDNA ITS1-5.8S-ITS2 (internal transcribed spacer [ITS] ) were amplified by polymerase chain reaction (PCR) with primers M-ITS 1/ITS 4 (White et al. 1990; Stoll et al. 2003) at 62 C; fragments of nuc 28S rRNA (28S) were amplified with the primers LR0R/LR7 (Vilgalys and Hester 1990) at 60 C; a fragment of nuc 18S rRNA (18S) was amplified with the primers NS1 and NS4 (White et al. 1990 ) at 60 C.
PCRs were performed in a 20 μL reaction containing 7 μL distilled water, 10 μL of 5× Phusion HF Buffer Pack (New England Biolabs, Ipswich, UK), 1 μL each primer (10 μM), and 1 μL DNA template. Amplification reactions were run as follows: initial denaturation of 98 C for 5 min, followed by 35 cycles of denaturing at 95 C for 30 s, annealing at related temperature for 30 s, and extension of 72 C for 1 min, followed by 10 min at 72 C for extension. PCR products were sent to Macrogen (Seoul, Korea) for sequencing with the forward and reverse primers mentioned above. DNA sequences were assembled and analyzed in Sequencher 5.0. 
Phylogenetic analyses
The sequences included in this study (TABLE 1) were aligned online with MAFFT (mafft.cbrc.jp/alignment/server/index.html) (Katoh and Toh 2008) using the L-INS-i method, and observed in MEGA 5 (Tamura et al. 2011) . The nucleotide diversity (π) and its standard deviation were estimated for ITS in DNasp 5 (Rozas et al.) .
Phylogenetic analyses were completed to resolve both the familial placement of Macalpinomyces, as well as the delimitation of species in Macalpinomyces. The relationships between Macalpinomyces and other genera in the Ustilaginaceae were inferred from a phylogenetic tree based on the ITS, 28S, and 18S data sets. The final data set comprised sequences from 18 specimens of M. eriachnes and 40 reference specimens (GenBank accessions). The final matrix contained 4484 characters and was deposited in TreeBASE (http://www.treebase.org) as S19698. The concatenated ITS and 28S data sets were utilized in the phylogenetic analyses of species of Macalpinomyces. The final matrix was deposited in TreeBASE as S19696.
Phylogenetic analyses were based on both maximum likelihood (ML) and Bayesian inference (BI). ML was implemented as a search criterion in RAxML (Stamatakis 2014) and PhyML 3.0 (Guindon et al. 2010) . GTRGAMMA was specified as the model of evolution in both programs. The RAxML analyses were run with a rapid Bootstrap analysis (command -f a) using a random starting tree and 1000 ML bootstrap replicates. The PhyML analyses were implemented with the ATGC bioinformatics platform (http://www.atgcmontpellier.fr/phyml/), with six substitution types and subtree pruning and regrafting (SPR) tree improvement, and support obtained from an approximate likelihood-ratio test (Anisimova et al. 2011) .
BI was performed with MrBayes 3.1.2. (Huelsenbeck and Ronquist) with Markov chain Monte Carlo analyses that incorporated four runs, each consisting of four chains, until the standard deviation of split frequencies reached 0.01. The cold chain was heated at a temperature of 0.25. Substitution model parameters were sampled every 50 generations, and trees were saved every 5000 generations; 26 779 trees were summarized for the final topology. A user-defined tree obtained from PhyML analyses was used as a starting point for all of the Bayesian analyses, which helped to improve convergence of the four runs.
Coalescent-based species delimitation
Generalized mixed Yule-coalescent (GMYC) model
Three data sets (i.e., ITS, 28S, and ITS+28S) were analyzed under the single-threshold model and multiple-threshold model. The GMYC uses ultrametric trees constructed by unique haplotypes, and duplicate haplotypes were deleted by Arlequin 3.1 (Excoffier et al. 2005) . The ultrametric trees were generated by Beast 1.7.5 by the same methods indicated by Millanes et al. (2014) . The selected topologies were used to optimize the single-threshold and multiple-threshold GMYC models online (http://species.h-its.org/gmyc/).
Poisson tree processes (PTP) model
A RAxML tree constructed from the best markers selected by GMYC analysis was used for the PTP analysis. The analysis was run on the Web server for PTP (http://species.h-its.org/ptp/) and 10 000 MCMC generations with a thinning of 100 and burn-in of 0.2 (Zhang et al.) .
Results
Phylogenetic analyses of Macalpinomyces
The GenBank accession numbers of new sequences derived from this study, along with reference sequences, are showed in the TABLE 1. A summary of the polymorphism and diversity of the ITS, 28S, and 18S gene regions between species of Macalpinomyces on Eriachne is presented in TABLE 2. 18S had the lowest overall nucleotide diversity (π = 0.00029) and ITS the highest (π = 0.034). The number of polymorphic (segregating) sites of ITS, 28S, and 18S were 87, 19, and 2, respectively. Note. n = sample size; bp = total number of sites; S = number of segregating sites; h d = haplotypic (allelic) diversity; π = average number of differences per site.
The phylogenetic relationships of specimens of Macalpinomyces on Eriachne spp. had identical topologies from analyses in PhyML, RAxML, and MrBayes. The topology of the RAxML tree is shown in FIG. 1. All specimens of Macalpinomyces on Eriachne spp. formed a well-supported monophyletic clade in the Ustilaginaceae (Begerow et al. 2006; Wang et al. 2015) . 
Species delimitation for Macalpinomyces on Eriachne spp
The 18S region had low nucleotide diversity and provided less useful information for systematic analyses at the species level. The phylogenetic trees generated from the concatenated ITS and 28S data set with ML and BI were similar in topology (FIG. 2) . The phylogenetic analyses recovered 11 well-supported clades ( in FIG. 2) . For the GMYC and PTP analyses, 29, 24, and 12 haplotypes of ITS, 28S, and 18S, respectively, were included. For the ITS or 28S data sets, both the single-threshold and multiple-threshold GMYC models of independent data sets accepted the null model (TABLE 4) . For the ITS+28S data set, the single-threshold and multiple-threshold GMYC models provided a better fit to the ultrametric tree than a null model of uniform coalescent branching across the entire tree (single-threshold: likelihood ratio [LR] = 7.9, P < 0.05; multiple-threshold: LR = 8.9, P < 0.05), which supported the delimitation of taxa into 10 putative species (FIG. 2) . The ITS+28S data set was used for the PTP analyses, and 12 putative species were inferred from specimens of Macalpinomyces on species of Eriachne (FIG. 2) on the basis of the best-fit ML tree and BI topology. The species delimitation based on PTP and GMYC methods were mostly congruent, with the exception of three putative species. The GMYC analyses did not support the specimens on E. pallescens (BRIP 55386) and E. pulchella (BRIP 26914) as independent entities. The morphological differences of spores and sterile cells between these two specimens (FIG. 2) , together with their host ranges, supported their treatment as novel species. Three specimens on E. helmsii were treated as one species, although two (BRIP 27740 and BRIP 43954) split into two subclades in the PTP analysis (FIG. 2) . However, there was no corresponding support in morphology, host affiliation, or GMYC analysis. In summary, all specimens of Macalpinomyces on Eriachne were resolved as 11 species by the phylogenetic analyses, GMYC and PTP, in conjunction with morphological characters and host affiliation. The pairwise identity of ITS sequences for each of these proposed new species is showed in the TABLE 3. Notes: Cooke (1879) described Ustilago australis, unaware that Sorosporium eriachnes had been described the previous year by Thümen (McAlpine 1910) . This was a consequence of Ferdinand von Mueller sending duplicate specimens to both Thümen and Cooke (Langdon and Fullerton 1977) . According to Dr. Kálmán Vánky (pers. comm.), Thümen's specimen in BUC is rather meager, whereas Cooke's specimen in K is rich.
The identity of the host for the type of Ustilago australis (K(M) 146202/3) was given as Eriachne sp. by Langdon and Fullerton (1977) . However, Vánky (2011) identified the host as E. festucacea on the basis that a healthy specimen (MEL 92576) collected by Müller at the same time and location represented the host species. However, the late Dr. Bryan Simon identified K(M) 146202/3 as E. obtusa from a high resolution image made available by K. This is not surprising because several species of Eriachne occur in the region of northwestern Australia, where these specimens were collected. Etymology: The name honors the Australian mycologist and plant pathologist Raymond Forbes Langdon (1916 Langdon ( -2014 , who established Macalpinomyces with R.A. Fullerton.
Macalpinomyces fullertonii
Sori in all of the ovaries of Eriachne glauca and E. festucacea. Spores (9-)9.5-11(-12) × (7-)7.5-9.5(-11) µm; wall ca. 1 µm thick. Notes: Macalpinomyces langdonii is the only smut fungus known to infect E. glauca. Together with Tilletia geeringii, it is the second smut fungus found on E. festucacea (Li et al. 2014 ). Etymology: Taken from New Holland, which was the first European name applied to Australia in 1644 by the Dutch explorer Abel Tasman.
Macalpinomyces muelleri
Sori in all of the ovaries of Eriachne sulcata. Spores (8-)9-10.5(-11) × (6-)7-8.5 (-10) 
Discussion
The present study found that species of Eriachne in northern Australia harbored a diversity of species of Macalpinomyces. Until this study, all species of Macalpinomyces on Eriachne had been identified and reported in the literature as M. eriachnes (Vánky and Shivas 2008; Vánky 2011) . Although the sizes of spores for most species of Macalpinomyces on Eriachne overlapped, some species were distinguishable, for example, M. eendrachtslandiae has the smallest spores of known species and M. thuemenii has the largest spores. Generally, the size of sterile cells was not diagnostic. Similarly, spore ornamentation did not distinguish species, either under light microscopy or SEM (FIGS. 3, 4, and 5).
Host affiliation has been used for the delimitation of species of smut fungi (Begerow et al. 2006 (Begerow et al. , 2014 , especially when supported by phylogenetic and biological studies (Cai et al. 2011; McTaggart et al. 2012a McTaggart et al. , 2012b . In this study, 11 host specific species of Macalpinomyces were identified on Eriachne. Further, M. eriachnes s. str. was only found on E. obtusa and unidentified Eriachne spp. It is highly likely that additional species of Macalpinomyces remain to be discovered on Eriachne, as only 13 of the 22 species of Eriachne that are known hosts of Macalpinomyces were included in this study. Our results also showed that ITS sequences provided good resolution of species of Macalpinomyces on Eriachne. Macalpinomyces australiensis was sister to all other species of Macalpinomyces on Eriachne (FIG. 2) , with a large molecular distance (ITS sequence identity 87-90%) (TABLE 3) that may indicate undiscovered intermediate species.
Eleven of the species of Macalpinomyces on Eriachne included in this study had overlapping geographic ranges in northern Australia (FIG. 2) . We found that specimens from the same host species, but in different geographic regions, were genetically closer than specimens from the same geographic region, but on different host species. This highlighted the importance of host adaptation in the evolutionary process of this host-pathogen association. Begerow et al. (2004) suggested that host shift was the likely explanation for the present distribution of the smut fungi on their hosts. A cophylogenetic analysis of the Macalpinomyces-Eriachne relationships will depend on further specimens.
